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METHOD AND APPARATUS FOR 
PROCESSING MATERLALS BY APPLYING A 
CONTROLLED SUCCESSION OF THERMAL 
SPIKES OR SHOCKWAVES THROUGH A 

GROWTH MEDIUM 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention generally relates to processing of 
materials, including growth or deposition of the materials, 
and also to removal of materials. More Specifically, the 
invention relates to a method and apparatus for locally 
raising the temperature of a material in order to facilitate 
chemical reactions or changes in physical State related to 
processing of the material by using an electrode tip, Such as 
an electron emitter tip, to apply a controlled Succession of 
thermal annealing spikes (hereinafter referred to as thermal 
Spikes) or shockwaves of varying energy through a growth 
or removal medium (hereinafter referred to as a growth 
medium, even though the medium could also be used in 
processes involving etching or cleaning and no "growth”). 
The Scale of the thermal Spikes or shockwaves, and the area 
of the material affected by the resulting energy transfer, is on 
the order of a few nanometers to several hundred 
micrometers, and the duration of the thermal Spikes or 
Shockwaves ranges from a few picoSeconds to Several 
hundred nanoSeconds. The growth medium may be a cryo 
genic liquid, although it is within the Scope of the invention 
to use other growth media, including liquids, Solids, gases in 
critical or non-critical State, and mixtures of liquids and 
Solids, Solids and gases, and liquids and gases. 

The method and apparatus of the invention may be used 
for a variety of industrial applications and manufacturing 
processes, including deposition and/or growth of thick or 
thin film crystalline or non-crystalline materials, etching or 
cleaning of materials, and formation of nanostructures. 

2. Description of Related Art 
A. Introduction 

The problem addressed by the present invention is the 
problem, common in the field of materials processing, of 
how to add energy during processing of a material in order 
to Speed-up chemical reactions or processes, overcome 
energy barriers, or otherwise improve processing efficiency 
or product quality, without generating defects or damaging 
in the material, and/or without interfering with other reac 
tions or processes necessary to provide an acceptable end 
product. 

The oldest and Simplest way to apply energy to a material 
during processing is simply to process the material in a high 
temperature environment as in, by way of example, physical 
vapor deposition (PVD), chemical vapor deposition (CVD), 
or metalorganic chemical vapor deposition (MOCVD). 
Alternatively, energy may be applied directly to a material 
being deposited or transferred, as in Sputter deposition and 
various etching methods, by using Shockwaves as in explo 
Sive bonding methods, or by direct application of energy 
using laserS or radiation. In all Such materials processing 
methods, the objective has always been to transfer the 
necessary energy in the most efficient manner while mini 
mizing any damage that might occur as a result of the energy 
transfer. 

The present invention also addresses the problem of 
energy transfer efficiency and damage mitigation, but ulti 
lizes a mechanism different from all other known materials 
processing methods and apparatus, namely the application, 
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2 
in the presence of a growth medium, of a controlled Suc 
cession of thermal Spikes or shockwaves of varying energy 
to a nanoscale area of the material. 
The term "nanoscale” as used herein refers to dimensions 

on the order of less than one nanometer (including atomic 
dimensions of approximately 0.1 to 0.15 nm) to several tens 
of micrometers, as opposed to the dimensions of the non 
localized high energy shockwaves produced by Spark dis 
charges for the purpose of vaporizing materials in order to 
facilitate binding of coatings to a Surface, as described for 
example in U.S. Pat. No. 3,663,788. The use of shock waves 
on a macroscopic Scale is a variation of the explosive 
bonding technique used to join otherwise incompatible 
metals, which is fundamentally different than the much more 
controlled application of energy provided by the present 
invention. 
The most relevant prior art known to the inventor, which 

shares with the present invention localization of the energy 
transfer, and the use of a cryogenic growth medium (optional 
in the present invention), is the "cryogenic furnace' tech 
nique disclosed in U.S. Pat. No. 3,720,598. According to this 
technique, an oscillating Josephson junction having 
“extremely Small dimensions' is formed by Spark erosion 
between capacitor electrodes made up of the materials to be 
Vaporized, thereby concentrating as much energy as possible 
on a Small area. 
The present invention shares with the cryogenic furnace 

concept the temporal and Spatial localization of energy 
applied to a material for the purpose of “establishing chemi 
cal and physical State in materials” (col. 1, lines 14–27 of 
U.S. Pat. No. 3,720,598), and in particular to facilitate 
growth or removal of materials, as well as the use (in a 
preferred embodiment of the present invention) of a cryo 
genic medium through which the energy is applied, but is 
distinguishable in a number of ways: 

instead of using a plasma arc discharge to temporarily 
Vaporize the medium and material being processed, the 
present invention uses electron emission (either from 
an electron emitter tip, or from the workpiece or growth 
medium in case the polarity of the emitter tip is 
reversed) to generate thermal Spikes or shockwaves that 
propagate in the medium in order to enable a more 
controllable energy transfer, eliminating the high 
energy plasma ions inherent in plasma discharge 
arrangements, 

The impulses are controlled to provide a Succession of 
Spikes of varying energy rather than a Steady State or 
Oscillating field; 

The size of the area affected by the discharge is reduced 
even further than in the cryogenic furnace technique to 
nanometer or atomic Scale, thereby reducing the overall 
amount of energy that needs to be Supplied to achieve 
a desired local temperature, and 

The apparatus in which the growth or removal of mate 
rials takes place is adapted to facilitate insertion and 
removal of materials from the growth medium, clean 
ing of the growth medium, as well as insertion and 
removal of the Substrate on which growth occurs or 
from which material is to be removed, So as to enable 
use of the System in industrial manufacturing pro 
CCSSCS. 

These differences are critical to the practicality of the 
present invention relative to the technique disclosed in U.S. 
Pat. No. 3,720,598. While capable of delivering high energy 
levels to a Small area, the cryogenic furnace technique 
described in U.S. Pat. No. 3,720,598 ultimately proved 
impractical for manufacturing purposes because of the 
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inability to prevent destruction of an unacceptably high 
percentage of the grown material by the high energy tail in 
the distribution of ions created by the plasma arc. 
Furthermore, alternative techniques that were eventually 
implemented in the years following the originally cryogenic 
furnace proposal, Such as electron Synchrotron radiation, 
laser heating, and rapid thermal annealing, while more 
controllable and less destructive, are capable of delivering 
only a relatively Small amount of energy over a relatively 
large area, barely Sufficient to break chemical bonds and 
improve mobility on growing Surfaces. To date, the most 
promising of these methods is electron Synchrotron 
radiation, but this method requires equipment costing a 
minimum of S100 Million, and is not readily available or 
adaptable to ordinary manufacturing. 
While the present invention shares with several of the 

above-mentioned prior arrangements the concept of apply 
ing Spatially and temporally localized bursts of energy to a 
material in order to change its physical or chemical State and 
facilitate material growth, the manner of energy delivery is 
fundamentally different, involving the propagation in the 
growth medium, and in particular a cryogenic growth 
medium, of nanoscale bursts of energy in an arrangement 
adapted for mass processing of the materials to be grown or 
otherwise altered or formed. 

The method and apparatus of the invention may be used 
as a replacement for a variety of conventional Systems, 
including CVD and MOCVD, as well as sputter deposition, 
molecular beam epitaxy (MBE), electrical plating in elec 
trochemical Solution, and other methods too numerous to 
list. Although Specific examples of materials are set forth 
below, the invention is not intended to be limited to specific 
materials or groups of materials, but rather is intended to 
apply to any materials capable of being grown in bulk form 
or on a Substrate, or of being removed from a Substrate, in 
an appropriate growth medium, using Shock or heat 
impulses that propagate through the cryogenic medium in 
order to apply energy or heat to the medium on a nanometer 
Scale. 

SUMMARY OF THE INVENTION 

It is accordingly a first objective of the invention to 
provide a method of applying energy to a material for the 
purpose of facilitating chemical reactions or processes 
related to growth or removal of an area of material, without 
damaging the material due to the high temperatures nor 
mally required to facilitate Such chemical reactions or pro 
CCSSCS. 

It is a Second objective of the invention to provide a 
method of facilitating chemical reactions or processes 
related to growth or removal of an area of material by 
temporally and Spatially localized application of energy, 
without the problems of high energy tails inherent in plasma 
arc discharge methods. 

It is a third objective of the invention to provide a method 
of energy enhanced material growth or removal which 
utilizes readily available equipment Suitable for use in 
large-scale commercial manufacturing. 

It is a fourth objective of the invention to provide a 
method of more efficiently growing nanostructures of Vari 
ous shapes and for a variety of purposes. 

It is a fifth objective of the invention to provide apparatus 
for applying energy to a material for the purpose of facili 
tating chemical reactions or processes related to growth or 
removal of an area of material, without damaging the 
material due to the high temperatures normally required to 
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4 
facilitate Such chemical reactions or processes, and without 
the problems of high energy tails inherent in plasma arc 
discharge methods. 

It is a Sixth objective of the invention to provide apparatus 
adapted to facilitate insertion and removal of materials from 
a medium in which growth and/or a material removal 
process Such as etching is to occur, cleaning of the cryogenic 
growth medium, as well as insertion and removal of the 
Substrate on which growth occurs or from which material is 
to be removed, So as to enable use of the apparatus in 
industrial manufacturing processes. 

It is a seventh objective of the invention to provide 
apparatus capable of performing multiple processing Steps, 
including growth of materials on a workpiece followed by 
cleaning and/or etching of one or more materials, utilizing a 
Single cell divided into multiple Subcells or Sub-areas, and a 
Single controller, without requiring removal and transport of 
the workpiece from the apparatus between processing StepS. 

It is an eighth objective of the invention to provide an 
etch-transport-growth reaction path that enables recycling of 
etched materials back into the growth cell. 

These objectives are achieved, in accordance with the 
principles of a preferred embodiment of the invention, by 
providing a method of applying energy to a Substrate or 
material on which additional material is to be grown, or from 
which material is to be removed, by transmitting heat or 
Shock impulses to the Substrate or material through a cryo 
genic medium. The heat or shock impulses are applied by a 
nanometer Scale electrode tip immersed in the growth 
medium, which in the illustrated examples is a cryogenic 
liquid, to which is applied fast, variable, Voltage pulses of on 
the order of picoSeconds to hundreds of nanoSeconds. The 
anode to which electrons are transmitted may either be a 
discrete element or a portion of the workpiece, and may 
consist of an individual Scannable electrode tip or an array 
of electrode tips. In the latter case, the electrons are drawn 
from the electrode tip into the liquid and accelerated until 
they hit a Specific target area of the workpiece or Substrate 
being processed, while an individual electrode tip can be 
used to transmit shockwaves parallel to the workpiece and 
thereby indirectly transmit energy to a larger area of the 
Workpiece. 

In the case of a material growth apparatus Suitable for use 
in industrial processes, Such as manufacture of thin film or 
Semiconductor devices, the apparatus of the invention may, 
according to a preferred embodiment of the invention, 
include any or all of the following features: 

a growth chamber; 
a mechanism for introducing growth material into the 

growth chamber; 
a mechanism for cleaning the growth medium to remove 

growth material and contaminants from the growth 
chamber; 

a single electrode tip or array of tips arranged to operate 
on a nanoscale; 

a controller for controlling a discharge from the Single tip 
or array of tips, 

a regulator for controlling temperature and preSSure of 
cryogenic liquid in the chamber; 

a mechanism for circulating the growth medium through 
the growth chamber; and 

provision of at least one chemically inert working cell 
Surface with very low physisorbtion energies. 

Since the same basic structure may be used for both 
growth and removal of a material or materials from the 
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Substrate or workpiece, the growth chamber of an especially 
preferred embodiment of the invention may utilize a single 
cell divided into multiple Subcells or Sub-areas for Sequen 
tially processing the Substrate or workpiece by deposition of 
materials, followed by etching or cleaning of the resulting 
product. In a particularly advantageous implementation of 
the preferred embodiments of the invention, growth, 
etching, and cleaning all occur in a single growth chamber 
divided into multiple cells, permitting recycling of etched 
materials. 

In the illustrated examples, the growth medium in which 
growth or removal of materials occurs is a cryogenic liquid 
which is preferably chemically inert. Examples include 
Argon and related noble elements, with the liquid Serving to 
(i) act as a local heating medium on a Scale of a few 
nanometers to Several hundred micrometers, (ii) lower the 
growth temperature and Slow down chemical reactions or 
kinetics, and (iii) act as a carrier for growth or removed 
materials to and/or from the growth Zone. 

Alternatively, depending on the density and/or pressure of 
the growth medium and on the tip distance, the growth 
medium may serve primarily as a carrier for growth or 
removed materials and/or to keep a growth species in place 
following transfer of energy to the workpiece. 

Examples of materials to which the present invention can 
be applied are, GaN, which is used to form blue lasers, 
conventionally grown at T=600-800° C. using the metalor 
ganic chemical vapor deposition (MOCVD) method, and 
Al-O hard coating films conventionally grown by CVD at 
temperatures of 1000-1100° C. in order to obtain the hard 
crystalline C. and f phases of Al-O, although the invention 
is not to be limited to any specific materials or group of 
materials. 

In addition to the above-described processing of materials 
by growth, etching, cleaning, and/or other processing Steps, 
the method and apparatus of the invention may be used in 
conjunction with auxiliary processing methods and appara 
tus for facilitating the processing. By way of example but 
not limitation, processing of a material using the method and 
apparatus of the invention may be assisted by an optional 
photon Source of Sufficient energy to lower reaction barriers 
or and/or to break or weaken chemical bonds in order to 
further facilitate the growth, etching, cleaning, and or other 
processing of the material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic view of an apparatus for applying 
energy to a local, nanoscale, area of material in order to 
facilitate chemical reactions or processes related to growth 
or removal of materials relative to or from a workpiece in 
accordance with the principles of a first preferred embodi 
ment of the invention. 

FIG. 2 is a Schematic view of an apparatus for applying 
energy to a nanoscale area of material in accordance with the 
principles of a Second preferred embodiment of the inven 
tion. 

FIG.3 is a graph of energy distribution functions showing 
thermal Spikes of varying energy as used by the preferred 
embodiment of the present invention as compared with the 
high energy tail of a conventional high temperature growth 
apparatuS. 

FIG. 4 is a schematic view illustrating deliver of a shock 
wave pulse to a thin film in a cryogenic liquid using the 
apparatus of FIG. 1. 

FIG. 5 is a schematic view illustrating the application of 
multiple heat or Shock wave impulses for the purpose of 
facilitate growth of materials according to the principles of 
the invention. 
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6 
FIG. 6 is a table illustrating properties of various cryo 

genic liquids which may be used in connection with the 
preferred embodiments of the invention. 

FIG. 7 is a schematic view of a variation of the apparatus 
illustrated in FIG. 2, arranged to included multiple cells for 
facilitating Sequential growth and etching of a workpiece. 

FIGS. 8A and 8B are schematic views illustrating the two 
Stages occurring in a growth/cleaning process according to 
the principles of the invention. 

FIGS. 9A-9C are schematic views illustrating the four 
Stages of an etching process according to the principles of 
the invention. 

FIG. 10 is a graph illustrating the manner in which energy 
is applied during Sequential growth and etching using the 
apparatus of FIG. 7. 

FIG. 11 is a schematic view illustrating the use of a 
Scanning tunneling electron microScope tip to grow and 
monitor nanostructures according to a third preferred 
embodiment of the invention. 

FIGS. 12-14 are schematic views illustrating examples of 
nanodevices constructed in accordance with the principles of 
the third preferred embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The invention is a method and apparatus for applying 
energy to nanoscale area of a workpiece, for the purpose of 
adding or removing materials from the workpiece. In 
particular, the invention applies the energy by transmitting 
heat or Shockwave impulses through a medium, referred to 
herein as a growth medium even though the medium may 
also be used to facilitate material removal. The heat or 
Shockwave impulses heat the medium adjacent the 
workpiece, thereby facilitating chemical reactions or 
processes, Such as the breaking of chemical bonds, associ 
ated with the growth or removal of materials from the 
Workpiece. Although not limited to a cryogenic medium, the 
invention is especially Suited for use in Systems employing 
a cryogenic medium, which not only transferS heat to the 
Workpiece or materials adjacent the workpiece, but also 
Serves to mediate heating and to transport material to and 
from the workpiece. By operating on a nanoscale level, i.e., 
an area of less than one nanometer to Several hundred 
micrometers, which is essentially the range of resolution of 
a Scanning electron microScope, and in particular by using a 
cryogenic medium as the growth medium, heating of the 
Workpiece can be minimized while enabling extremely fine 
control of the growth or removal process, including forma 
tion of nanostructures. 
An apparatus for transmitting energy to the workpiece is 

illustrated in FIG. 1. In this apparatus, an electrode tip 1 and 
a discrete anode 2 are immersed in a growth medium (not 
shown in FIG. 1) and positioned above a platform 3 on 
which is present a workpiece 4 on which material is being 
grown or removed. When a fast Voltage pulse on the order 
of a few picoSeconds to hundreds of nanoSeconds is applied 
by a circuit 5 across the electrode tip 1 and the anode 2, 
electrons are drawn from the tip 1 into the growth medium 
and are accelerated until they hit the anode, generating a 
Shock wave 6 that transferS energy to the workpiece. 
The circuit 5 is Schematically illustrated as including a 

power source 7 and Switch 8 for controlling the duration of 
the pulses. It will of course be appreciated, however, that in 
practice the circuit can take a wide variety of forms, includ 
ing microprocessor circuits and/or discrete components 
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arranged to generate Voltage pulses of a desired shape and 
duration, depending on the requirements of the Specific 
materials growth or removal process to which the apparatus 
of the preferred embodiment is applied. Pulse generating 
circuits of all types are well-known to those skilled in the 
electrical arts and form no part of the present invention, 
which relates to applications of the circuit rather than to the 
circuit itself. In addition, those skilled in the art will appre 
ciate that the form of the shock/heat waves may also be 
varied by varying the shape of the tips or arrays of tips, and 
that focusing or guiding elements Such as appropriately 
positioned reflectors may also be included without departing 
from the Scope of the invention. 
As indicated by the horizontal and vertical arrows in FIG. 

1, the platform 3 is arranged to be moved horizontally and 
vertically in order to move different areas of the workpiece 
under the shockwave and to vary the distance travelled by 
the shockwave or, equivalently. The range of horizontal 
movement should of course be Sufficient to enable Scanning 
of the entire workpiece while the range of Vertical move 
ment may, by way of example, be within the range of from 
0.1 nm to 1 um, with provision for controlling the discharge 
gap or distance in order to either vary the gap or to control 
the gap if a constant discharge gap is required. The discharge 
gap or distance between the electrode tip and anode may also 
be varied, by way of example, within a range of 0.1 nm to 
1 lim. Although a Single Scanning electrode tip may be used, 
in the illustrated embodiment, the number of individually 
controllable tips in an array may be as many as 10 to 10° 
tips/cm of sample area, and the tip array should be movable 
as a unit with a precision of at least 1 nm over a distance of 
10 um in both the X and y directions. 

In contrast to the embodiment illustrated in FIG. 1, the 
preferred embodiment illustrated in FIG. 2 transmits energy 
directly towards the workpiece 9 by connecting the Voltage 
supplied by circuit 10 between an electrode tip 11 and the 
platform 12, or between the electrode tip and the workpiece 
itself, with heating of the medium being accomplished either 
directly by the energy of the electrons and/or through a 
shock wave 13 in a manner similar to that illustrated in FIG. 
1. The platform 12 may again be horizontally and vertically 
movable, including provision as necessary for controlling 
the discharge gap or distance to vary the gap or distance, or 
to maintain a constant gap as necessary, while circuit 10 may 
be similar to circuit 5 shown in FIG. 1, including schemati 
cally illustrated power Source 14, pulse defining Switch or 
Switching elements 15 implemented in practice in the form 
of discrete components and/or microprocessor based cir 
cuitry. 

In addition to the basic processing apparatus, FIG. 2 
illustrates an optional photon Source 16 for directing photons 
at the workpiece during processing, the photons having 
Sufficient energy to lower reaction barriers or to break or 
weaken chemical bonds in order to further facilitate pro 
cessing. It will be appreciated by those skilled in the art that 
the photon Source may be a laser, X-ray Source, or any other 
photon Source, and that the photon Source may be omitted, 
used in the embodiment of FIG. 1, or replaced by any other 
energy Source depending on the type of processing being 
performed. 

FIG. 3 illustrates an important principle of the present 
invention, namely the transmission of energy in the form of 
pulse having relatively narrow Spectra, indicated by the 
letters “b,” “c,” and “d.” It can be seen from FIG. 3 the total 
energy of each pulse is less than the total energy of a prior 
art plasma arc discharge “a” used for the same purpose, as 
described for example in U.S. Pat. No. 3,720,598, even 
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though the pulses are each at a higher energy. This has at 
least two advantages. First, the higher energies are provided 
by an electron Stream mediated by the growth medium rather 
than high energy ions limits damage due to collisions 
between the high energy ions and the workpiece. In addition, 
the narrow spectra of the pulses, together with their limited 
temporal and spatial extent (which is not illustrated in FIG. 
3), maximizes the transfer of energy for a specific purpose 
while limiting damage to the workpiece. Of course, the 
energies Supplied by the method and apparatus of the 
invention are not limited to those Supplied by plasma arc 
discharge, but will depend Solely on the Specific growth or 
removal process to which the method and apparatus of the 
invention are applied. 
The effect of the energy transfer provided by the trans 

verse discharge apparatus of FIG. 1 is illustrated in FIG. 4. 
In the example shown in FIG. 4, the growth medium is 
Argon and the workpiece is a thin film to which particles of 
thin film material have been transported. In step 20, prior to 
arrival of an energy pulse in the form of a shock wave, the 
thin material has settled non-uniformly over the surface of 
previously deposited layers of thin film material. In step 20, 
the shock wave has heated the medium and caused thermal 
motion of the particles of thin film material, which in turn 
has caused redistribution of the particles in a more uniform 
fashion over the Surface of the thin film. 
As illustrated in FIG. 5, variation of the energy pulses, 

accomplished by varying the Voltage applied to electrode 
tips 1, 11 illustrated in FIGS. 1 and 2, can be used to enhance 
or regulate growth in different ways, and even to carry out 
multiple steps in a manufacturing Sequence without have to 
remove the workpiece from the apparatus or move it to a 
different cell within the apparatus. In Step 22 of the example 
schematically illustrated in FIG. 5, four identical pulses are 
to facilitate deposition of materials on a Surface of the 
Workpiece. In Step 23, the pulse frequency is increased and 
the pulses varied both in Strength and duration to anneal the 
deposited materials, i.e., to redistribute and bond the depos 
ited materials to the workpiece. In Step 24, additional 
material is deposited on the Surface of the workpiece with 
the assistance of four identical pulses corresponding to those 
applied in Step 22, and in Step 25, Step 23 is repeated to 
anneal the deposited additional material. 
Although Argon is a particularly preferred cryogenic 

liquid for purposes of the invention, it will be appreciated 
that other chemically inert media may be substituted for 
Argon, including elements or compounds that are in a liquid, 
Semi-Solid, or even a Solid State at room temperature, 
whether Subcritical or Supercritical. In addition, it is possible 
to use non-inert elements or compounds as the growth media 
So long as the elements or compounds are compatible with 
the chemical reactions or processes carried out within the 
medium. 

FIG. 6 lists Some of the properties of cryogenic liquids 
that may be used in the apparatus shown in FIGS. 1 and 2. 
The elements are all noble (closed shell) gases or simple 
molecules, and most of the elements are in the liquid State 
at cryogenic temperatures. Cl is the liquid with the highest 
melting temperature or 171.6 K and is one of three elements 
that are liquid under Standard conditions, Br and Hg being 
the other elements. The physical behavior of all of the listed 
elements is very similar since all are Van der Walls liquids, 
the only difference being the atomic mass or the Structure. 
Any of these elements, as well as other elements or 
compounds, could potentially be used in the apparatuses of 
FIGS. 1 and 2: 

FIG. 7 shows an embodiment of the invention that has 
been specifically designed to utilize a cryogenic liquid Such 
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as Argon as the growth medium. The apparatus of this 
embodiment utilizes a single cell divided into multiple 
Subcells or Sub-areas for performing multiple processing 
StepS related to manufacture of thin film Structures, includ 
ing growth and cleaning or etching Steps. In addition, the 
apparatus shown in FIG. 7 includes, as will be described in 
more detail below, at least Some of the following mecha 
nisms and features: 

a mechanism for introducing growth material into the 
growth chamber; 

a mechanism for cleaning the cryogenic liquid to remove 
growth material and contaminants from respective 
cells, 

individual control of a discharge from a single tip or array 
of tips in each of the multiple cells, 

temperature regulation and high pressure operation; 
a mechanism for circulating cryogenic liquid through the 

growth chamber; 
provision of chemically inert Working cell Surfaces with 

very low physisorbtion energies. 
In particular, as illustrated in FIG. 7, the multiple cell 

apparatus of the preferred embodiment includes three cells 
30.31.32 arranged in a common growth chamber (not 
shown) through which a liquid cryogenic material Such as 
Argon is circulated by a router/pump arrangement 33. Each 
cell includes a workpiece 34,35.36 undergoing various pro 
cesses. Cell 30 is the deposition cell and includes a platform 
or mechanism (not shown) for moving the workpiece in the 
direction of arrowS X, y, and Z representing Cartesian coor 
dinate axes, and an electrode tip array 37 connected in the 
manner Schematic illustrated in FIG. 2, to facilitate Sequen 
tial deposition of materials A and B. Cells 31 and 32 are 
cleaning/etching cells and also include electrode tip arrayS 
38.39 connected in the manner illustrated in FIG. 2. It will 
be appreciated that the connections illustrated in FIG. 1 
could also be used in one or more of the cells 30,3132. 

The mechanism for creation and introduction of growth 
Species into the growth area of the apparatus illustrated in 
FIG. 7, and the method for cleaning the cryogenic material, 
are basically the same. Using as an example element A, the 
growth species is actually in the form of molecules M. 
consisting of the desired element A to be deposited and an 
etchant element X, which may by way of example include 
hydrogen (X), fluorine (X), or chlorine (X), chosen So 
that the molecules M are able to physisorb and diffuse 
around easily on the Surface of the Substrate. 

In the growth process illustrated in greater detail in FIGS. 
8A and 8B, the adhered molecule M consisting of the desired 
growth element A and the etchant X is initially adhered, as 
illustrated in FIG. 9A, to the surface of the workpiece. Then, 
as illustrated in FIG. 1B, a low intensity micro discharge 
from electrode array 37 is used to disassociate the etchant 
from molecules M and adhere the desired element M onto 
the growing Surface. Afterwards, the reactive X etchant 
element combines with another X molecule and form unre 
active molecules X, X, X which disperse in the liquid or 
on the growing Surface. 

The growth species is created in cell 31, which may be 
referred to as a “reverse growth cell,” by etching the material 
M with a higher concentration of the etchant molecule X and 
more powerful discharges from the electrode tip array 38. 
Initially, as illustrated in FIG. 9A, the etchant molecules are 
physisorbed onto the Surface to be etched, after which as 
illustrated in FIG. 9B a low intensity nanodischarge is 
applied to the Surface in order to induce chemisorption of the 
etchant molecules in preparation of electron induced chemi 
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10 
cal etching, illustrated in FIG. 9C in response to application 
of high intensity nanodischarge. After etching, as illustrated 
in FIG. 9D, the etchant molecules are again physisorbed and 
the liquid in cell 31 must be cleaned of unreacted MX, 
molecules, the unreacted molecules being recycled by 
re-depositing the molecules in the cell 30 where the element 
was initially etched. The third cell, cell 32, is utilized in a 
Similar manner for etching and cleaning with respect to 
element B. AS those skilled in the art will appreciate, a 
Similar procedure may also be used to free the liquid of 
initial contaminants Such as H, O, N, and H2O. 
A particular advantage of the apparatus functionally illus 

trated in FIG. 7 is that it recycles deposited material, 
eliminating the drawback of all conventional methods that 
the material not landing on the top Surface of the workpiece 
in the growth cell is lost from the process forever. The micro 
discharges from the tip array also provide the opportunity to 
control the position of the growth/etch proceSS and entirely 
Side Step costly lithograph/etch processes. This growth 
method can achieve everything that the various conventional 
growth methods can accomplish, in a much more efficient 

C. 

FIG. 10 shows the energy potentials and barriers associ 
ated with the process of etching, the Subsequent transport of 
etched atoms in the cryogenic liquid, and finally growth 
again on the Substrate in the cryogenic growth instrument 
illustrated in FIG. 7. The energy plot shows how the energy 
levels of adsorption potentials and etch barriers affect the 
operation of the growth cell, and determine the relative high 
amount of energy that needs to be applied by the electrode 
arrays 35 and 36 in comparison with the amount of energy 
needed to be applied by electrode array 34 for the purpose 
of overcoming the reaction barrier to deposition of material 
in cell 30. The etch energy barriers affect the etch rate of the 
Source material in cells 31 and/or 32 while the low adsorp 
tion potential of walls and tips hinderS Sticking of etched 
atOmS. 

In order to apply the energy plot shown in FIG. 10, it is 
necessary to determine the amount of energy that actually 
reaches the workpiece in comparison with the amount of 
energy deposited in the cryogenic growth medium, which 
depends on the collision croSS-Section for the electrons 
hitting the atoms and electrons of the liquid, and is limited 
by the breakdown strength of the cryogenic liquid. If 90% of 
the energy is deposited in the liquid and the remainder in the 
anode (which is a reasonable assumption Since the means 
free path for electrons in solids is on the order of 100A when 
the electron energy is a few eV), then a 100V pulse of 500 
tlA and duration of 1 nsec will deposit an energy of 4.5x 
10° J or approximately 5x107 eV. The electric field 
strength at the tip distance of 1 um would be 10V/m, which 
in the case of Argon is the maximum field strength that can 
be delivered without breakdown of the cryogenic liquid. 
Since the Volume of the deposited energy is roughly 1.0 
umx.tx1 nm’=1x10'm or 1x10 cm or s10' atoms for 
this field Strength, the average deposited energy of each 
atom in the volume is 5000 eV in the 1 nsec time interval, 
assuming no energy is lost from the region during the 
heating pulse. This is a very high energy density and in a 
matter of nanoSeconds the deposited energy will travel in the 
form of a shock wave through the liquid at the speed of 10 
to 10 m/sec or 1 to 10 um/nsec. 

Depending on the duration of the pulse and the pressure 
in the liquid, a gas bubble may be formed in the liquid. The 
energy of the unfocused shock/heat wave will decrease to a 
first approximation as r° where r is the distance from the 
core discharge. After one micrometer of expansion, the 
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energy density of the Shock/heat wave will be much lower, 
or a few eV, which is the typical value of controlled energy 
enhanced growth. Since average energy of 1 eV corresponds 
to a temperature of close to 1200° C., there is ample 
opportunity to lower the pulse energy and obtain thermal 
impulse with lower equivalent growth temperatures. 

In addition, Since modern diamond coated Silicon elec 
trode tips of 1 um diameter size are able to withstand Stable 
emission currents of 300 to 500 uA in continuous operation, 
it is possible in pulsed operation to Stretch the current rating 
much higher, and therefore to modify the growth proceSS by 
increasing the energy of the electrons in the liquid present in 
the gap between the tip and anode to as high as 10 eV, in 
which case the croSS-Section for ionization starts to increase 
to the point where a considerable concentration of ionized 
cryogenic atoms is produced in the wake of the electron 
pulse. Depending on the pulse duration length, the electrons 
So produced will be Swept towards the anode, leaving behind 
more massive and slower ions. The more massive and 
slower ions form a Space charge which will eventually 
quench the micro/nano discharge. After the discharge, the 
ions diffusing around the liquid will have an effect on the 
growth process. 

In the apparatus of FIG. 7, each cell must be temperature 
regulated within a particular range of temperatures and to 
withstand particular pressures. By way of example but not 
limitation, the cell may be regulated to a temperature range 
of 80 to 170 K and should be able to withstand pressures of 
50-100 bar. During growth, the discharges from the elec 
trode tip array constantly heat the liquid, and thus adequate 
circulation and a heat Sink need to be provided. If one micro 
discharge dissipates energy of 10'J as described above, and 
the number of discharges per second is 10, then for a tip 
array consisting of 10 tips and a total area of 1 cm, an 
energy of 1 J/sec or 1 Watt will be deposited into the 
cryogenic liquid, and which must be removed as quickly as 
possible. 
Among the applications of the invention described above 

are applications involving growth of fine nanoscale Struc 
tures. In that case, temperature and pressure requirements 
and the role of the cryogenic liquid in general may be 
different than those described above. In Such applications, 
consideration must be given to the likelihood that the energy 
deposited in the liquid is relatively Small compared to the 
energy deposited in the workpiece. In particular, when the 
distance between the tip and workpiece is Smaller than 10 
nm, the mean free path of the electrons in the growth 
medium, the main role of the growth medium is to Serve as 
a carrier of depositing material and to keep the growth 
Species in place when the energy is applied in the form of 
high energy electrons emitted from the electrode tip. AS a 
result, the greater part of the heat will be generated in the 
Workpiece itself, and appropriate modifications to the appa 
ratus will need to be made. In general, it will be appreciated 
that in all applications of the invention, the role of the 
growth medium will generally vary depending on the tip 
distance and the density and pressure of the growth medium. 

Taking into account differences in the role of the growth 
medium when used in the growth of fine nanoscale Struc 
tures or "nanostructures,” it is anticipated that those skilled 
in the art will be capable of modifying the instrument shown 
in FIG. 7 to accommodate growth of various nanostructures 
Such as nanotubes, nanodiamonds, and insulating materials 
(in a mixture of liquid argon and oxygen), as well as other 
nanodevices, including materials Selected from groups IIB 
to VIIB of the periodic system as well as hydrogen. 
By way of example, as illustrated in FIG. 11, a mixture 

consisting of (i) a liquid, critical State element, or gas Such 
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as argon, (ii) methane or another carbon-containing 
molecule, and (iii) boronhydride or another boron contain 
ing molecule, may be used to grow nanostructures made of 
elements carbon (C) and boron (B) on a photoconducting 
material which is conductive when illuminated with light. 
This enables use of a Scanning tunneling microScope tip to 
grow and monitor the intended carbon-boron nanostructures. 
If light is absent during the growth process, the photocon 
ductor layer will function as an insulator layer and the grown 
nanostructure will function as a nanoelectrical device. Such 
a nanostructure may, as illustrated in FIG. 12, be constructed 
as a DNA probe device using routing of charged molecules 
in the growth medium and electrode guiding. Alternatively, 
as illustrated in FIG. 13, the structure may be formed as a 
used for Nottingham cooling by emission of electrons from 
the tips, and as illustrated in FIG. 14, for the purpose of 
constructing CMOS like nanodevices including nanowires 
with a small “oxide' like structure made of boron and carbon 
fixed thereto, with a gate Structure connected to the boron 
carbon Structure. 

Having thus described a preferred embodiment of the 
invention in Sufficient detail to enable those skilled in the art 
to make and use the invention, it will nevertheless be 
appreciated that numerous variations and modifications of 
the illustrated embodiments may be made without departing 
from the Spirit of the invention, including variations in the 
processes and material to which the invention is applied 
(Such as by Substituting etching for growth), as well as the 
Specific manner in which the thermal Spikes or shockwaves 
are generated and transmitted through the growth medium 
(for example by reversing the electric polarity of the illus 
trated electron emitter tip to form an anode rather than a 
cathode), and therefore it is intended that the invention not 
be limited by the above description or accompanying 
drawings, but that it be defined Solely in accordance with the 
appended claims. 

I claim: 
1. A method for processing a material by locally raising a 

temperature of the material by transferring energy to the 
material in order to facilitate chemical reactions or processes 
related to processing of the material, comprising the Steps of: 

providing a cryogenic medium that has been cooled to a 
cyogenic temperature, Said cryogenic medium at least 
extending between an electrode and the material; 

causing the electrode to emit or attract electrons by 
applying Voltage pulses to the electrode to cause propa 
gation of a Succession of thermal Spikes or Shockwaves 
in the cryogenic medium, Said thermal Spikes or Shock 
waves transferring energy from the electrons through 
the cryogenic medium in order to affect an area of the 
material; and 

varying an energy of the thermal Spikes or shockwaves by 
varying the energy of Said electrons emitted by or 
attracted to the electrode, 

wherein a dimension of Said thermal Spikes or Shockwave 
is on the order of less than one manometer to Several 
tens of micrometers, and 

a total linear dimension of the material affected by energy 
carried by the thermal Spikes or Shockwaves, is on the 
order of less than one nanometer to Several tens of 
micrometers. 

2. A method as claimed in claim 1, wherein Said electrode 
is an electron emitter tip. 

3. A method as claimed in claim 2, wherein Said thermal 
Spikes or Shockwaves are generated by transmitting elec 
trons from Said electron emitter tip towards the material. 
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4. A method as claimed in claim 2, wherein Said thermal 
Spikes or Shockwaves are generated by transmitting elec 
trons in a direction generally parallel to a Surface of the 
material, Said electrons being transmitted in Said generally 
parallel direction from Said electron emitter tip towards an 
anode. 

5. A method as claimed in claim 1, wherein a duration of 
the thermal Spikes or shockwaves ranges from a few pico 
Seconds to Several hundred nanoSeconds. 

6. A method as claimed in claim 1, wherein the medium 
is in a gas, liquid, or Supercritical State. 

7. A method as claimed in claim 6, wherein the cryogenic 
material is a cryogenic liquid. 

8. A method as claimed in claim 1, wherein Said Voltage 
pulses are variable Voltage pulses of on the order of a few 
picoSeconds to hundreds of nanoSeconds. 

9. A method as claimed in claim 1, wherein Said process 
ing includes deposition of materials. 

10. A method as claimed in claim 9, wherein said pro 
cessing includes deposition of materials, followed by clean 
ing of a resulting product. 

11. A method as claimed in claim 10, where Said process 
ing includes deposition of materials, followed by etching 
and cleaning of the resulting product. 

1O 
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12. A method as claimed in claim 1, wherein Said pro 

cessing includes etching. 
13. A method as claimed in claim 12, wherein gases used 

in Said etching are Selected from the group consisting of 
hydrogen, chlorine, and fluorine. 

14. A method as claimed in claim 1, wherein Said pro 
cessing includes growth of Said material in a growth Subcell, 
and etching and cleaning of the material in respective 
cleaning and etching Subcells, Said growth, cleaning, and 
etching Subcells all being in communication and situated in 
a single growth cell. 

15. A method as claimed in claim 1, wherein Said pro 
cessing includes growth of Said material in a growth Sub 
area, and etching and cleaning of the material in respective 
cleaning and etching Sub-areas, Said growth, cleaning, and 
etching Sub-areas all being in communication and Situated in 
a single growth cell. 

16. A method as claimed in claim 1, further comprising 
the Step of assisting Said processing by applying photons 
from a photon Source of Sufficient energy to lower reaction 
barriers or to break or weaken chemical bonds. 


